The link between sun exposure and skin cancer is well established, but the mechanism of photocarcinogenesis is still incompletely understood. In vitro experimentation has shown that induction of the c-fos proto-oncogene occurs in cultured human keratinocytes after ultraviolet exposure, and c-Ha-ras mutations are commonly present in human skin neoplasms removed from chronically sun-exposed sites. In the present stud y, the effect of UV irradiation on the expression of these two proto-oncogenes was examined. The sun-protected volar forearm of six subjects was exposed to a standardized erythemogenic dose of solar-simulated light, and punch biopsies were obtained after 1 hand 24 h from the irradiated area and a nearby shielded area. Expression of c-fos, determined by in situ hybridization of histologic cross-sec-A cute sun exposure of human skin causes sunburn and even blistering if the exposure is sufficiently long. Repeated sun exposure over many years leads to photoaging and in many individuals to the formation of malignant neoplasms [1) . Histologic changes associated with acute ultraviolet (UV) irradiation of human skin include formation of shrunken, dyskeratotic. keratinocytes (sunburn cells), disappearance of Langer hans cells, and epidermal spongiosis, as well as perivascular lymphocytic infiltrates, vasodilation, erythrocyte compaction in venules, and degranulation of mast cells in the dermis [2] . At the DNA level, UV irradiation is known to cause formation of pyrimidine dimers, single-strand breaks, and DNA-protein cross links [3 -5) that lead to unscheduled DNA repair [6] . UV-induced DNA lesions, particularly pyrimidine dimers, may be incompletely repaired leading to signature mutations that have been causally implicated in malignant transformation [7) .
More recently, investigators have focused on changes in gene expression brought about by UV irradiation, especially proto-oncogene expression, hoping to further elucidate cellular mechanisms associated with loss of growth control and thus formation of epidermal cancers. c-fos is a proto-oncogene whose induction has been implicated in both cell proliferation and differentiation [8, 9) . Overproduction of the normal fos protein can malignantly transform cultured cells [10) . It is also known that cultured newborn human keratinocytes exposed to a single physiologic dose of solar-simulated irradiation exhibit a threefold increase in c-fos mRNA levels 102:296-299,1994 1 h after irradiation when compared to sham-irradiated cells [11, 12) , but that keratinocytes cultured from habitually sun-exposed adult skin show an eightfold induction in c-fos mRNA 1 h after the same exposure, a fourfold greater induction than paired cultures derived from sun-protected skin of the same individuals [12) . c-Ha-ras is a second proto-oncogene associated with UV -induced damage of human skin cells. The c-Ha-ras protein product, one of three highly homologous 21-kD ras proteins [13), localizes to the inner aspect of the plasma membrane where it binds, exchanges, and hydrolyzes guanine nucleotides. The biologic function of ras proteins is not well defined, but their sequence homology with G proteins as well as the aforementioned properties suggest that p21 proteins playa role in intracellular signaling pathways [14) . Point mutations, most often occurring in codons 12, 13, and 61 of the coding sequence, result in production of proteins with diminished or ~o GTPase activity, thereby causing disequilibrium between the active G!P-bound protein and the inactive GOP-bound form [15] ' Theoretically, loss of the GTPase activity resulting in build-up of the active ras protein would cause unregulated signal transduction and malignant transformation; overexpression of the non-mutated ras gene could also produce an overabundance of active ras protein [13) . It has been shown that quiescent mammalian fibroblasts microinjected with oncogenic ras protein initiate DNA synthesis and manifest mitogen-~timulated or transformed morphology [16 -18) . Transformation of mammalian cells by enhanced expression of the normal message has also been reported [19) .
Constitutive activation of c-Ha-ras by UV-B irradiation was demonstrated by transformation of NIH 3T3 cells after transfection with irradiated c-Ha-ras cDNA in an expression vector [20] . Furthermore, analysis of DNA from human skin neoplasms taken from chronically sun-exposed body sites has revealed the presence of mutated as well as amplified c-Ha-ras genes [21) . In the present 0022-202Xj94jS07.00 Copyright © 1994 by The Society for Investigative Dermatology, Inc. VOL. 102, NO.3 MARCH 1994 investigation, we examined whether acute physiologic solar-si~u lated UV irradiation induces c-fos and c-Ha-ras mRNA expressIOn in human epidermis in vivo.
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MATERIALS AND METHODS
Subjects and Specimen Preparation Six Caucasian volunteers, skin eype II-III, ages 63-80 years, enrolled in the study after giving informed consent. All were in good health, without a history of skin disease or abnormal reaction to sun exposure, and none was taking photosensitizing drugs. A Kratos LH 153 Solar Simulator with an electromagnetic radiation closely resembling natural sunlight was used. Irradiance of 100 mW /cm 2 as measured at 285 ± 5 nm using an IL 1700 radiometer (22) was used. Each subject received six incremental UV exposures to the volar aspect of the forearm through 1 X 1 em portals in a template to determine the minimal erythema dose (MED), the shortest exposure time that resulted in erythema of the entire area of exposed skin at 24 h. For experiments, a previously unirradiated area on eac h subject's forearm was exposed through a 1 X 1 em portal for a time equal to three times the individually determined MED (3 X MED), a dose expected to produce fiery red macular erythema at 12-24 h [2) . One and twenty-four hours after the 3 X MED irradiation, the area of exposure and an adjacent are.a that had been underneath the solid portion of the template were anesthetized With 1 % lidocainc with epinephrine and 6-mm punch biopsies were obtained for ill situ hybridization (ISH) and histologic ana lysis. The biopsies were processed for ISH essentiaUy as described by Sassoon et af (23). Each biopsy was fixed overnight in freshly prepared 4% paraformaldehyde at 4·C. On the second day, the tissue was dehydrated in a series of alcoho l baths. The biopsies were soaked in >'l'lene before being placed into liquid paraffin at 60·C for 20 min. Finally, each biopsy was embedded in paraffin and 3-micron sections were cut on a microtome. The paraffin scctions were floated on a waterbath and placed on glass slides coated with 3-aminopropyltriethoxysilane (Sigma). For routine histology, sections were stained with hematoxylin and eosin, and examined for evidence of UV damage using conventional criteria (2).
Riboprobe Preparation and In Situ Hybridization c-fos and c-Ha-ras DNA cloned into pGEM plasmids (Proinega) were a generous gift from Dr. Kuanghui Lu [24, 25) . The pGEM plasmids containing the c-fos and c-Haras eDNA were linearized with Hind III. Complementary transcripts were synth esized using T7 polymerase, 300 ng of the DNA template, 62.5 mCi of 3sS_UTP, and nucleotides. To generate negative control probes, the protooncogene-containing plasmids were linearized with Eco Rl and homologous (sense) transcripts were synthesized with SP6 polymerase. After transcriptio n, the riboprobes were separated from their templates by DNAse RQl (Promega) and subjected to alkaline hydrolysis to generate shorter segments more likely to penetrate cell membranes. The hydrol yzed probes were then run through a Sephadex G-50 column to separate the radioisotope-labeled riboprobes from unincorporated nucleotides. After precipitation, the riboprobes were diluted with hybridization buffer (50% formamide, 0.3 M NaCl, 20 mM Tris-HCl, 5 mM EDTA, 10 mM NaH 2 P0 4 • H 2 0, 10% dextran su lfate, 1 X Denhardt's agent, and 0.5 mg/ml total yeast RNA) to a concentration of25,OOO cpm/J.l.1. The tissue sections on glass slides were processed through a three-step prehybridization: removal of paraffin with xylene, cell membrane permeabilization with proteinase K, and acetylation with triethanolamine and acetic anhydride to neutralize nonspecific positive charges. The sections were then dehydrated in a series of alcohol baths and airdried. Twenty microliters of riboprobe (500,000 cpm) in hybridization buffer was placed on each glass slide holding three tissue sections. A glass coverslip was placed over the drop of riboprobe and the slides were incubated at 52"C for 16 h. After the incubation, the slides were washed in eight consecutive baths: 1) 5 X SSC, 10 mM dithiothreitol (DTT) at 50"C for 30 min; 2) 50% formamide, 2 X SSC, 0.1 M DTT at 65"C for 20 min; 3) 1 X washing solution (4MNaCl, 1 M Tris-HCl, 0.5 M EDTA) at 37 "C for 10 min; 4) repeat with 1 X washing solution; 5) 1 X washing solution with 20 mg/ml RNase A (Promega) at 37 "C for 45 min; 6) 1 X washing solution at 37"C for 5 min; 7) 2 X SSC at 37 "C for 15 min; and 8) 0.1 X SSC at 37 " C for 15 min. The slides were then dehydrated in a series of alcohol baths containing NH.Ac and dipped in 100% ethanol before being air-dried. The hybridized slides were dipped in liquid NTB-2 (Kodak) emulsion and placed at 4" C for 2 weeks. At the end of the exposure period, the slides were developed in D-19 (Kodak) and Fixer (Kodak) according to the protocol in the NTB-2 instruction booklet. After the slides were dehydrated in ethanol and then xylene, coverslips were mounted with Cytoseal 60 (Stephens Scientific). The hybridized tissue sections were viewed by rwo blinded observers under a darkfield microscope (Nikon), and grain density was graded semi-quantitatively as zero (equal to the off-tissue background)
to 4 +. Photographs were taken through a 40 X objective using color print 200 ASA film (Kodak).
RESULTS
Clinical and Histologic Changes All sham-irradiated forearm skin and histologic skin specimens were normal in appearance, without evidence of any disease process. Irradiated skin was normal in appearance at 1 h and fiery red at 24 h, as expected [2] . In biopsies of UV -irradiated skin typical effects of a moderately erythemogenic UV exposure were observed (Fig 1) . The number of sunburn cells observed at 24 h in I-micron-thick cross-sections from sham-irradiated skin was zero and from irradiated skin was 111 ± 52 per mm 2 of epidermal area. Sections also revealed slight spongiosis and papillary dermal edema, a mild lymphocytic perivascular infiltrate with occasional neutrophils, and erythrocyte compaction of superficial venules, all changes previously noted in sunburned skin at 24 h [2] .
c-fos mRNA Expression Donor variability was evident in the level of constitutive expression of c-fos mRNA, but in all control specimens c-fos mRNA was readily detected in the lower epidermal compartment, especially in the basal layer (1+ to 2+ on the 0-4+ scale) . At 1 h, there was an obvious increase in the amount of bound probe (from 1+ or 2+ to 3+ or 4+) in UV-irradiated specimens from three of the six subjects, corresponding to an increase in the amount of c-fos mRNA in UV -irradiated (Fig 2A) versus sham-irradiated (Fig 2B) epidermis. This was manifest as an increase in the number of grains throughout the epidermis. In the remaining three subjects, there was little or no difference in intensity of staining at 1 h or 24 h between the UV -irradiated and sham-irradiated sections, 1+ or 2 + versus 1+ or 2+. Sections reacted with the control (homologous) riboprobe in contrast had low and equal grain density over the entire slide with no staining whatever of the skin sections other than autofluorescence of the stratum corneum (Fig 2C,D) . By 24 h, the level of c-fos expression in the UV-irradiated specimens as detected by the antisense riboprobe had returned to baseline and was identical to that in the sham-irradiated specimens (data not shown).
c-Ha-ras mRNA Expression No c-Ha-ras mRNA was detected with the antisense riboprobe in either sham-irradiated or UV-irradiated skin biopsy specimens taken at the 1 or 24 h timepoints ( Fig   3A -D) . Also, no binding was seen in sections hybridized with the negative control (homologous) probe (Fig 3E) . Cells transfected with c-Ha-ras, probed as a positive control, in contrast showed strong hybridization with the antisense riboprobe ( Fig 3F) and confirmed the lack of detectable expression in skin.
DISCUSSION
We examined the effect of an acute moderately erythemogenic dose of solar-simulated UV irradiation on c-fos and c-Ha-ras proto-oncogene expression in normal human skin using the technique of in situ hybridization . Constitutive c-fos expression in the lower epidermis, previously reported by others [26] . showed a marked increase by 1 h that returned to baseline by 24 h. This change in THE JOURNAL OF INVESTIGATIVE DERMATOLOGY mRNA transcript level presumably reflects c-fos gene induction and not message stabilization, as c-fos is known without exception to be transcriptionally regulated by a variety of stimuli [27] . Our in vivo data thus confirm in the skin the induction of c-fos as previously detected by Northern blot analysis in cultured human keratinocytes 1 h after solar-simulated UV exposure [11, 12] , as well as in UVirradiated NIH 3T3 cells [28] and murine epidermis [29] . This induction in the present study was observed in only half of the subjects studied, however. We presume c-fos induction occurred in all subjects but was not detected in some because c-fos induction is known to be transient, often detectable for less than 60 min and moderately variable in time course among human donors, with peak induction ranging from approximately 15 min to 2 h, at least in cultured cells (Yaar M and Gilchrest BA, unpublished data) , and only a single skin biopsy was performed in the early post-irradiation period of our experiment. Interestingly, in the previously published study of irradiated mouse skin [29] ' in which RNA was harvested for slot blot analysis from three mice at each of seven timepoints over a 2-h period post-irradiation, great individual variation in c-fos induction was observed and average stimulation above baseline never exceeded twofold. We found c-Ha-ras mRNA expression to be below detectable levels by in situ hybridization in both sham-irradiated and UV -irradiated human skin, at least at the timepoints studied. Other investigators have shown the ras protein product to be below detectable levels in human epidermis by immunohistochemical study [30] and to be unaffected by UV irradiation over a 2-h period in murine epidermis by slot blot analysis [29] . The time course of ras induction has been studied in quiescent murine fibrob lasts after the addition of serum, insulin, or epidermal growth factor and varies between 4 and 16 h, depending on the stimulus [25] . In these experiments, ras expression returned to quiescent levels by 24 h after some stimuli but remained induced beyond this time after others (Lu K, personal communication) .
Analysis of DNA from melanomas, basal cell carcinomas, and squamous cell carcinomas by polymerase chain reaction amplification and oligoprobe hybridization has demonstrated that point mutations in ras genes leading to persistent activation occur commonly in these UV -associated tumors [31] [32] [33] , preferentially in pyrimidine-rich DNA sequences known to be especially prone to UV damage [34] . Amplifications of the normal gene have also been observed but are less frequent [31] [32] [33] . The statistical probability of either type of ras mutation is extremely low after a single UV exposure, however, and would not be anticipated to occur in the course of these experiments.
UV -induced mutations in proto-oncogenes and other key regulators ?f cellular proliferation have a well-documented role in photocarc1l10genesls. The present demonstration of c-fos induction in normal skin following a modest dose of solar-simulated light, coupled with the previous demonstration of increased baseline and induced c-fos levels in cultured keratinocytes derived from habitually sun-exposed skin [12] , suggests that altered responsiveness of such genes may also contribute to malignant progression. 
